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metabolism, that may contribute to the intrarenal differencesInhibition of pressure natriuresis in mice lacking the AT2 receptor.
observed between AT2 receptor knockout and wild-type mice.Background. Angiotensin II type 2 (AT2) receptor knockout
mice have higher blood pressures than wild-type mice; how-
ever, the hypertension is imperfectly defined. We tested the
hypothesis that renal mechanisms could be contributory.
Angiotensin (Ang) II effects are mediated by at leastMethods. We conducted pressure-natriuresis-diuresis exper-
two receptor isoforms (AT1 and AT2). The AT1 receptoriments, measured renal cortical and medullary blood flow by
mediates vasoconstriction, aldosterone secretion, thelaser Doppler methods, and explored cytochrome P450-depen-
dent arachidonic acid metabolism by means of reverse tran- regulation of glomerular and renal tubular function, and
scription-polymerase chain reaction. cardiovascular hypertrophy. AT2 receptor function andResults. Blood pressure was 15 mm Hg higher in AT2 recep- its involvement in hypertension remain incompletely un-tor knockout mice than in controls, and pressure diuresis and
derstood. The AT2 receptor is widely expressed duringnatriuresis curves were shifted rightward. At similar renal per-
fetal development. In adult tissues, AT2 receptor expres-fusion pressures (113 to 118 mm Hg), wild-type mice excreted
threefold more sodium and water than AT2 receptor knockout sion is less prominent; however, the adrenal cortex, kid-
mice. Fractional sodium and water excretion curves were ney, and heart continue to express the receptor under
shifted rightward in parallel. Renal blood flow ranged between certain conditions [1–6]. AT2 receptor disruption caused6.72 and 7.88 mL/min/g kidney wet weight (kwt) in wild-type
increased blood pressure in mice [7] and increased vaso-and between 5.84 and 6.15 mL/min/g kwt in AT2 receptor
pressor response to Ang II [8]. Long-term blood pressureknockout mice. Renal vascular resistance was increased in
AT2A receptor knockout mice. Cortical blood flow readings regulation is linked to renal function through the mecha-
leveled at 2.5 V in wild-type and 1.5 V in AT2 receptor knockout nisms of pressure natriuresis. AT2 receptor blockade fa-
mice. Medullary blood flow readings ranged between 0.8 and cilitated pressure natriuresis in an earlier study [9], a1.0 V and increased 116% in wild-type mice as renal perfusion
reaction that should lead to a decrease in systemic bloodpressure was increased. This increase did not occur in AT2
pressure. In that study, an AT2 receptor agonist, CGPreceptor knockout mice. The glomerular filtration rate (GFR)
was similar in both groups at approximately 1 mL/min/g kwt. 42112, decreased sodium excretion and shifted the pres-
Renal microsomes from AT2 receptor knockout mice had less sure natriuresis curve rightward. This finding suggests
activity in hydroxylating arachidonic acid to 20-hydroxyeicosa- that both the AT1 and AT2 receptor facilitate sodiumtetraenoic acid (20-meter) than controls, whereas renal AT1 retention; however, why the absence of the AT2 receptorreceptor gene expression was increased in AT2 receptor knock-
causes hypertension rather than hypotension remainsout mice.
Conclusions. Hemodynamic and tubular factors modify renal unexplained.
sodium handling in AT2 receptor knockout mice and may cause The AT1 receptor mediates renal prostaglandin E2
hypertension. AT2 receptor disruption induces alterations of (PGE2) production, and pharmacologic blockade of theother regulatory systems, including altered arachidonic acid
AT2 receptor potentiates the action of Ang II to increased
PGE2 levels. Siragy et al recently demonstrated that the
absence of the AT2 receptor results in counter-regulationKey words: renal blood flow, cortical and medullary blood flow, GFR,
fractional sodium and water excretion, P450, AT1 receptor. by vasodilator prostanoids, which may protect against
the development of hypertension [10]. Cytochrome P450Received for publication May 13, 1999
arachidonic acid metabolites influence renal function inand in revised form August 5, 1999
Accepted for publication August 23, 1999 numerous ways [11]. 20-Hydroxyeicosatetraenoic (20-
HETE), the product of P450-catalyzed arachidonic acid 2000 by the International Society of Nephrology
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w-hydroxylation, is involved in both prohypertensive and paraffin, and after deparaffinizing and rehydrating, they
were stained with hematoxylin/eosin.antihypertensive mechanisms [12, 13]. Ang II affects P450
metabolism [14] and increases 20-HETE release [15].
Protocol 1: Pressure natriuresis andActivation of the AT2 receptor may cause endothelium-
renal hemodynamicsdependent vasodilation via a cytochrome P450 pathway
[16]. We investigated the pressure-diuresis-natriuresis The effect of acutely increased renal perfusion pres-
sure (RPP) on pressure-diuresis-natriuresis curves, totalmechanism and renal blood flow regulation in hyperten-
sive mice with disruption of the AT2 receptor gene. Given renal blood flow (RBF), and renal medullary and cortical
blood flow were examined in eight AT2 receptor knock-the relationships between Ang II, arachidonic acid me-
tabolism via cytochrome P450, and the possible involve- out mice weighing 28 6 0.7 g (kidney weight 0.241 6
0.009 g) and 10 wild-type mice weighing 28 6 0.8 gment of the AT2 receptor in this pathway, we also mea-
sured arachidonic acid hydroxylase activities in renal (kidney weight 0.244 6 0.008 g). We relied on techniques
described earlier [21, 22]. The mice were anesthetizedmicrosomes.
with ketamine (50 mg/g intraperitoneally; Parke-Davis
GmbH) and inactin (100 mg/g intraperitoneally; Res Bio-
METHODS
chemical, Inc., Natick, MA, USA) and were placed on
All animals used in this study were derived from a heated table for maintenance of body temperature at
breeder pairs from the Vanderbilt University Medical 378C. During surgery, the mice were given occasional
Center (Nashville, TN, USA), as described elsewhere small supplemental doses of inactin to maintain stable
[7], and were bred in our animal facility. The mice were anesthesia levels. Cannulas (PE 90) were placed into the
allowed free access to standard chow (0.25% sodium; trachea for facilitating breathing and into the carotid
SNIFF Spezialita¨ten GmbH, Soest, Germany) and drink- artery (PE 10) for measurement of systemic mean arte-
ing water ad libitum. The experimental protocol was rial pressure (MAP) and RPP, in the jugular vein (PE
approved by the local council on animal care, whose 10) for infusion of 0.9% NaCl solution (2 ml/min/g body
standards correspond to those of the American Physio- weight), and in the urinary bladder (PE 50) for urine
logical Society. Genotypes were verified by polymerase collection. We infused only saline without albumin to
chain reaction (PCR) prior to the studies. Twelve-week- induce diuresis and left all other regulatory systems in-
old AT2 receptor knockout and wild-type mice were trinsic or extrinsic to the kidney undisturbed to minimize
anesthetized with a mixture of ketamine/xylazine (Parke- manipulatory influences on renal function. Volume
Davis GmbH, Berlin, Germany, and Bayer AG, Lev- expansion was necessary to eliminate medullary autoreg-
erkusen, Germany) for removing the right kidney. These ulation and may have influenced differences in pressure
kidneys were used to characterize expression of renal diuretic and pressure natriuretic responses between wild-
AT1 receptor mRNA, P450, and microsomal P450 activi- type and AT2 receptor knockout mice. After midline and
ties. The nephrectomy was carried out so that the re- flank incisions, a 0.5 mm V-series flow probe (Transonic
maining kidney was the sole determinant of renal func- System, Inc., Ithaca, NY, USA) was placed around the
tion. We followed procedures described by Mattson and left renal artery and connected to a flowmeter (T206;
Bellehumeur [17] elsewhere and conducted the acute Transonic System, Inc.) to measure RBF. Ligatures were
experiments (renal function curves) three to four weeks loosely placed around the celiac and mesenteric arteries.
after uninephrectomy. We avoided an acute uninephrec- The abdominal aorta below the kidney was dissected for
tomy because in rats, acute renal cortical vasoconstric- later occlusion by a clamp so that RPP could be varied.
tion in the remaining kidney occurs after uninephrec- A laser Doppler flowmeter (model ALF 21D; Transonic
tomy [18]. Furthermore, experiments in rats indicate that System, Inc.), implanted fibers (Mitsubishi Cable Amer-
acute unilateral nephrectomy also features blood loss ica, New York, NY, USA) connected to an external
and other confounding variables [19, 20]. Blood pressure probe, specifically designed for such applications, was
was determined (AT2 receptor knockout N 5 7, wild- used to measure blood flow in the cortex and medulla.
type N 5 5) by tail plethysmography using a computer- The fibers were secured on the surface of the kidney
ized tail-cuff system (BP-2000; Visitech Systems, Napa, with cyanoacrylate glue. The location of the implanted
NC, USA). The blood pressure values of three consecu- fibers was confirmed in each experiment. If the implanted
tive days were used for statistical calculations. Systemic fibers were incorrectly positioned or if excessive bleeding
tail-cuff blood pressures averaged 124 6 1 mm Hg in or tissue damage occurred, the data were discarded.
AT2 receptor knockout mice and 107 6 1 mm Hg (P , After surgery and a 30- to 45-minute equilibration
0.05) in wild-type mice. For conventional morphology, period, MAP, RBF, and cortical and medullary blood
the kidneys received after uninephrectomy were cut sagi- flow signals were recorded continuously. Urine was sam-
tally and fixed in 4% buffered paraformaldehyde at room pled in two 10- to 30-minute collecting periods until
steady-state continuous flow conditions were achieved.temperature. Subsequently, the tissue was embedded in
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Under these baseline conditions, RPP leveled in AT2 infused over one minute with a rate of 20 ml/min followed
by a constant infusion of 0.1 ml/min/g body weight.knockout mice at 88 6 7 mm Hg and in wild-type mice
at 75 6 4 mm Hg. RPP was then increased by ligating After surgery and a 40-minute equilibration period,
MAP and UV were determined in two 15- to 30-minutethe mesenteric and celiac arteries by approximately 25
mm Hg to values of 113 6 7 mm Hg in AT2 knockout periods. Thereafter, blood pressure was increased by
tying off the mesenteric and celiac arteries, followed bymice or to 100 6 4 mm Hg in wild-type mice. After this
maneuver and as soon as a steady state was reached, ligating the aorta below the renal artery, as described
previously in this article. MAP was continuously re-RBF and cortical and medullary flow signals were re-
corded, and urine was again collected during two 10- corded as RPP was increased, and at steady state the
urine was collected at these pressure steps for two 10-minute periods. RPP was then increased by additional
20 mm Hg to 133 6 6 mm Hg in AT2 knockout mice or minute periods. Blood samples were taken at the mid-
point of four sample periods (2 blood samples per pres-to 118 6 4 mm Hg in wild-type mice by occluding the
aorta below the kidney. After another equilibration pe- sure level). UV was determined gravimetrically. Inulin
concentrations of urine (triplets) and plasma (doublets)riod, urine flow (UV), RBF, and cortical and medullary
blood flow signals were again recorded. were measured using a fluorescence photometer (Fluo
Star; TECAN Deutschland GmbH, Crailsheim, Ger-Total and regional RBFs, heart rate, and systemic
blood pressure were continuously recorded on a com- many). GFR was calculated as the urine-to-plasma inulin
concentration ratio 3 UV and was normalized per gramputer system (TSE GmbH, Bad Homburg, Germany)
during this procedure. Representative MAP, total RBF, kidney wet weight. The sodium concentrations of the
urine and plasma samples were determined as describedand cortical and medullary flow values were calculated
for each period by averaging all recorded values during earlier in this article.
that time period. The laser Doppler flowmeters produce
Ribonuclease-protection assaya voltage signal proportional to the flux of red blood
cells in the tissue beneath the tip of the optical fibers. To detect renal AT1 receptor expression, a RNase-
protection assay (RPA) was performed in six kidneys ofThis situation implies that the voltage signal, which is a
qualitative index of blood flow, depends on the position AT2 receptor knockout mice and in six kidneys of wild-
type mice using the Ambion RPA II kit (Ambion, Aus-of the fiber to the vessel geometry of the kidney region
investigated. This limitation of the method causes scat- tin, TX, USA). Antisense RNA probes were generated
by T7-polymerase transcription using linearized plasmidstered interindividual values. To standardize the readings
from different animals, percentage changes from base- that contained fragments of AT-1 cDNA or GAPDH-
cDNA as an internal control. The probes were radiola-line values are given. For percentage calculations, the
cortical and medullary flow readings before increasing beled with [32P]UTP, and approximately 5 3 104 cpm of
each probe were hybridized together with 10 mg of totalRPP were set at 100%. UV was determined gravimetri-
cally. Urinary sodium and potassium (data not shown) RNA per sample. Thus, during RNase A/T1 digestion
352 bp and 83 bp, respectively, were protected fromconcentrations were determined by flame photometry
(FLM3; Radiometer, Copenhagen, Denmark). UV, so- the AT1 receptor and GAPDH-cDNA. The hybridized
fragments were separated by electrophoresis on a dena-dium excretion (UNaV), and RBF were normalized per
gram kidney wet weight (kwt). turing gel. The densities of the specific bands were ana-
lyzed on a FUJIX BAS2000 (Fuji, Du¨sseldorf, Germany)
Protocol 2: Glomerular filtration rate, phospho-imager system. Quantitative analysis was per-
fractional sodium, and water excretion formed by measuring the intensity of the AT1 receptor
band normalized by the intensity of the GAPDH band.The effect of changes in RPP on glomerular filtration
rate (GFR) and fractional excretion of sodium (FENa)
Cytochrome P450-dependent arachidonic acid andand fractional excretion of water (FEH2O) were exam-
lauric acid metabolism and detection ofined in eight AT2 knockout mice weighing 27 6 0.8 g
P450a mRNA by means of RT-PCR(kidney weight 0.238 6 0.007 g) and seven wild-type
mice weighing 28 6 0.8 g (kidney weight 0.238 6 0.008 Eleven- to 12-week-old mice were uninephrectomized,
and the right kidneys from at least three animals wereg). The mice were surgically prepared as described pre-
viously in this article, with the exceptions that the renal pooled into a single sample. The renal capsule and the
fatty tissues were carefully removed. The kidneys wereartery was not dissected from the renal vein and that no
optical fibers were placed into the kidney. Instead, an minced and homogenized in four to five volumes of ice-
cold 50 mmol/L Tris-Cl buffer (pH 7.4) containing 0.25additional catheter (PE 10) was placed into the second
jugular vein for infusion of a 1% fluorescein isothiocya- mol/L sucrose, 150 mmol/L potassium chloride, 2 mmol/L
ethylenediaminetetraacetic acid (EDTA), 2 mmol/L di-nate-inulin in 0.9% sodium chloride solution (Sigma
Chemical Co., St. Louis, MO, USA). Inulin was first thiothreitol (DTT), and 0.25 mmol/L phenylmethylsulfo-
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nyl fluoride (PMSF) in a motor-driven Teflon-glass Potter- Poly(A)RNA was isolated from mouse kidneys using
the Oligotex Direct mRNA kit of Qiagen GmbH (Hilden,Elvehjem homogenizer (approximately 10 passes). After
differential centrifugation (10 min, 2000 3 g; 20 min, Germany). Reverse transcription-polymerase chain reac-
tion (RT-PCR) was performed with the “Ready-To-Go”20,000 3 g; 90 min, 100,000 3 g), the 100,000 3 g pellet
(microsomes) was suspended in 50 mmol/L Tris-Cl buffer, RT-PCR system of Amersham Pharmacia Biotech. In
each reaction, 30 ng of mRNA (calculated from the ab-pH 7.7, containing 20% glycerol, 5 mmol/L EDTA, and
1 mmol/L DTT. The protein content was determined by sorption at 260 nm) served as the template. First-strand
synthesis was primed with an oligo(dT) primer and per-the standard Lowry method. The P450 concentrations
were estimated by means of CO-difference spectra using formed at 428C for 30 minutes. After five minutes of
denaturation at 958C, the respective gene-specific primera molar extinction coefficient of 91 mmol/L21 cm21 [23].
Assays for reduced nicotinamide-adenine dinucleotide pairs (25 pmol of each oligonucleotide) were added at
728C. Cyp4a10 and Cyp4a14 transcripts were amplifiedphosphate (NADPH)-cytochrome C reductase were per-
formed in 50 mmol/L Tris-Cl buffer, pH 7.7, containing under the following PCR conditions: denaturation at
958C for 30 seconds, annealing at 688C for 30 seconds,0.1 mmol/L EDTA, 0.05 mmol/L cytochrome C, 0.1
mmol/L NADPH, and 2.2 mmol/L KCN at 258C using and synthesis at 728C for 45 seconds (1 2 seconds per
cycle) for a total of 35 cycles. For Cyp4a12, a modifiedan extinction coefficient of 21 mmol/L21 cm21 at 550 nm.
[1-14C]Arachidonic acid (55.0 mCi/mmol) and [1-14C] regime was used: 10 cycles consisting of the steps at 958C,
one minute at 558C, one minute at 728C, two minuteslauric acid (53.0 mCi/mmol) were purchased from Amer-
sham Pharmacia Biotech (Freiburg, Germany). Arachi- followed by 25 cycles of 958C, one minute at 678C, one
minute at 728C, two minutes (1 2 seconds per cycle).donic acid and standard substances were obtained from
Cayman Chemical (Ann Arbor, MI, USA). Hydroxyla- Moreover, degenerated oligonucleotides were used as a
CYP4a subfamily specific primer pair. PCR included 10tion of [1-14C]arachidonic acid and of [1-14C]lauric acid
was determined essentially as described by Capdevila et cycles of 958C, 30 seconds at 488C, 30 seconds at 728C,
45 seconds and 25 cycles of 958C, 30 seconds at 608C, 30al [24]. The reaction mixtures contained (in a total vol-
ume of 1 mL) 0.5 to 0.8 mg microsomal protein, 0.1 mmol seconds at 728C, 45 seconds (1 2 seconds per cycle). To
correct for any variability in the reverse transcription reac-arachidonic acid (0.5 3 106 dpm) or 0.2 mmol lauric acid
(0.5 3 106 dpm), 500 nmol NADPH, 3.1 mmol glucose- tions, mRNA for the constitutively expressed GAPDH
was amplified with specific primers under the following6-phosphate, and two units glucose-6-phosphate dehy-
drogenase for regeneration of NADPH and 50 mmol conditions: 30 cycles; 958C, 30 seconds at 578C, 30 sec-
onds at 728C, 45 seconds. For each mRNA preparation,Tris-Cl buffer, pH 7.5, 10 mmol MgCl2, and 150 mmol
KCl. Incubations were carried out for 20 minutes at 378C the amount of GAPDH-specific PCR product was con-
stant. An aliquot of each of the PCR samples was ana-and were terminated by acidification to pH 3.5 to 4.0
with 0.4 mol/L citric acid (arachidonic acid) or by the lyzed in 2% agarose gels, and the bands were visualized
by ethidium bromide. For documentation, the E.A.S.Y.addition of 0.5 mL 8% H2SO4 (lauric acid). The metabo-
lites were extracted with ethyl acetate. The organic phase store gel documentation system (Herolab GmbH, Wiels-
bach, Germany) was used. All RT-PCR products ob-was evaporated to dryness and reconstituted in 0.1 mL
ethanol. tained showed the expected size and the identities of the
amplification products obtained with the Cyp4a isoform-Reverse-phase high-performance liquid chromatogra-
phy (HPLC) with radiometric detection was used to sep- specific primers were confirmed by DNA sequencing.
arate and quantitate arachidonic acid and lauric acid
Statistical analysismetabolites. The HPLC system consisted of a Shimadzu
(Kyoto, Japan) LC-10Avp system coupled with the HPLC Values are expressed as means 6 sem. Statistically
significant differences in mean values were evaluated byradioactivity monitor LB 507 A (Berthold, Wildbad,
Germany). The reaction products were separated using analysis of variance and Duncan’s multiple range test. A
value of P , 0.05 was considered statistically significant.a 250 3 4 mm Nucleosil 100-5 C18HD column (Macherey-
Nagel, Du¨ren, Germany) and a linear solvent gradient
ranging from acetonitrile:water:acetic acid (50:50:0.1,
RESULTS
vol/vol/vol) to acetonitrile:acetic acid (100:0.1, vol/vol)
Protocol 1: Pressure natriuresis relationship andover 40 minutes at a flow rate of 1 mL/min for the arachi-
renal hemodynamicsdonic acid metabolites and a linear gradient ranging from
acetonitril:water:acetic acid (29.5:70.5:0.1, vol/vol/vol) to In anesthetized AT2 knockout and wild-type mice, base-
line RPP averaged 88 mm Hg, compared with 75 mm Hg,acetonitrile:water:acetic acid (59.5:40.5:0.1, vol/vol/vol)
at a flow rate of 1 mL/min over 30 minutes for the lauric reflecting the blood pressure differences measured in
conscious AT2-receptor knockout and wild-type mice withacid metabolites [25]. The identity of each metabolite was
confirmed by its comparison with an authentic standard. the tail-cuff method. Corresponding to these values, total
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RBF leveled in AT2 receptor knockout mice at 6.2 6 1.0
mL/min/g kwt and in wild-type mice at 6.7 6 0.9 mL/min/g
kwt. The renal vascular resistances (RVRs) calculated
from these values were 17.1 6 3.5 or 12.1 6 1.8 mm Hg/
mL/min/g kwt, respectively. At baseline, cortical laser
Doppler blood flow signals leveled at 1.6 and 2.6 V, whereas
medullary laser Doppler flow signals were smaller and
leveled at 1.0 and 0.8 V in AT2 receptor knockout and
wild-type mice, respectively. The differences in cortical
and medullary blood flow readings reflect the relative
differences in blood supply to the cortex and the medulla.
Interestingly, cortical flow signals of AT2 receptor knock-
out mice (1.6 6 0.3 V) were significantly lower than corti-
cal flow signals for wild-type mice (2.6 6 0.7 V), whereas
medullary flow signals were not different between the
groups. At baseline levels, UV and sodium excretion were
26.0 6 4.3 mL/min/g kwt and 6.4 6 0.4 mmol/min/g kwt
in AT2 receptor knockout mice or 34.0 6 6.1 mL/min/g
kwt and 7.7 6 0.5 mmol/min/g kwt in wild-type mice,
respectively, and were not different between the groups.
Figure 1 shows the effects of changing RPP on diuresis
(UV, Fig. 1A) and on natriuresis (UNaV, Fig. 1B) in AT2
receptor knockout and wild-type mice. In both groups,
RPP was raised approximately 45 mm Hg. The RPP
levels of 113 mm Hg in AT2 receptor knockout mice
and 118 mm Hg in wild-type mice were statistically not
significant and were used as equivalent pressure levels
for comparing effect of rising RPP on volume and sodium
excretion, RBF and RVR, or cortical and medullary
blood flow reactions. AT2 receptor knockout mice exhib-
ited pressure-diuresis and pressure-natriuresis curves
Fig. 1. Relationship between renal perfusion pressure (RPP) and urinethat were shifted rightward compared with wild-type
flow (UV, A) and sodium excretion (UNaV, B) in AT2 receptor knockoutmice. At the equivalent RPP level of 113 or 118 mm Hg, (N 5 8; d) and wild-type (N 5 8; j) mice. *P , 0.05, values compared
UV leveled at 57.8 6 9.8 mL/min/g kwt, and sodium at equivalent RPP levels. The pressure diuresis and pressure natriuresis
relationships for AT2 receptor knockout mice were shifted rightward.excretion leveled at 12.1 6 0.8 mmol/min/g kwt in AT2
receptor knockout mice, whereas in wild type-mice the
corresponding values averaged 159.7 6 23.3 and 35.9 6 118 or 133 mm Hg were not accompanied by a further
2.1 mmol/min/g kwt, respectively. UV and sodium excre- increase in RVR in either group. RVR was higher in
tion of wild-type mice were threefold greater than in AT2 receptor knockout mice than in wild-type mice.
AT2 receptor knockout mice. Figure 3 shows the relationship between RPP and cor-
Figure 2 shows the effect of changing RPP on RBF tical (Fig. 3A) and medullary (Fig. 3B) blood flow. In
(Fig. 2A) and RVR (Fig. 2B). RBF ranged from 6.7 to AT2 receptor knockout and wild-type mice, cortical
7.9 mL/min/g kwt in wild-type mice and increased slightly blood flow was stable and did not change as RPP was
as RPP was increased. In AT2 receptor knockout mice, increased. Thus, cortical blood flow was well autoregu-
RBF was preserved throughout the entire range of RPP lated across the entire RPP ranges investigated. How-
values investigated and averaged 6 mL/min/g kwt. At ever, increasing RPP from 75 to 118 mm Hg in wild-
higher RPP levels, RBF was significantly lower in AT2 type mice led to an increase in medullary blood flow to
receptor knockout mice than in wild-type mice. The au- 116% of baseline (P , 0.05). On the other hand, in AT2
toregulation of RBF was caused by an increase in RVR receptor knockout mice, medullary blood flow did not
as RPP was increased. RVR increased in wild-type mice change as RPP was increased from 88 to 133 mm Hg.
from 12.1 6 1.7 to 15.4 6 3.0 mm Hg/mL/min/g kwt as
Protocol 2: Glomerular filtration rate and fractionalRPP was increased from 75 to 100 mm Hg and in AT2
sodium and water excretionreceptor knockout mice from 17.1 6 3.5 to 21.2 6 3.2
mm Hg/mL/min/g kwt as RPP was increased from 88 to Figure 4 shows GFR (A), FENa (B), and FEH2O (C).
The baseline RPP levels of 86 mm Hg for wild-type and113 mm Hg (P , 0.05). The further increases in RPP to
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Fig. 3. Relationship between renal perfusion pressure (RPP) and corti-
cal (A) and medullary (B) blood flow in AT2 receptor knockout (d)
and wild-type (j) mice. *P , 0.05, values compared at equivalent RPPFig. 2. Relationship between renal perfusion pressure (RPP) and renal
blood flow (RBF, A) and renal vascular resistance (RVR, B) in AT2 levels. Cortical blood flow was well autoregulated in AT2 receptor
knockout (N 5 8) and wild-type (N 5 10) mice. Step-by-step increasesreceptor knockout (N 5 6; d) and wild-type (N 5 8; j) mice. *P ,
0.05, values compared at equivalent RPP levels. The RBF was decreased in RPP increased medullary flow signals in wild-type mice (N 5 6) but
had no influence on medullary blood flow in AT2 receptor knockoutin AT2 receptor knockout compared with wild-type mice as RPP was
increased. AT2 receptor knockout mice had a greater RVR compared mice (N 5 7).
with wild-type mice.
wild-type mice. However, increasing RPP to 139 mm Hg89 mm Hg for AT2 receptor knockout mice were not was followed by an increase in UV and sodium excretiondifferent in these experiments. Small differences in RPP
to 97.3 6 21.0 mL/min/g kwt or to 24.2 6 4.8 mmol/levels and the shape of pressure diuresis and pressure
min/g kwt, respectively, in AT2 receptor knockout mice.natriuresis curves in protocols 1 and 2 may have resulted These results from mice with blood drawings required
from biological variability and the blood loss in protocol 2. by GFR measurements were similar to those described
Irrespectively, the pressure diuresis and the pressure na- earlier in which GFR was not measured. In wild-type
triuresis curves were shifted rightward in the AT2 recep- mice, GFR was not significantly altered as RPP was
tor knockout mice compared with controls. In wild-type elevated from 86 to 104 mm Hg, but declined slightly
mice, UV and sodium excretion increased from 14.9 6 from 1.1 6 0.2 to 0.8 6 0.1 mL/min/g kwt as RPP was
1.8 to 128.0 6 22.2 mL/min/g kwt and from 4.2 6 0.7 to further increased to 120 mm Hg. The combination of
24.1 6 3.2 mmol/min/g kwt, respectively, as RPP was tying off the celiac and mesenteric arteries, clamping the
increased from 86 to 120 mm Hg. In AT2 receptor knock- aorta below the renal artery, and the blood sampling may
out mice, baseline volume and sodium excretion were have been responsible for the nonsignificant downward
13.6 6 3.2 mL/min/g kwt and 4.0 6 0.9 mmol/min/g kwt trend in GFR. No significant GFR differences were ob-
served in wild-type and knockout mice.at the 89 mm Hg RPP level and were not different from
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Fig. 5. Expression of renal AT1-receptor mRNA in AT2-receptor–
deficient and wild-type mice. (A) RNase-protection assay from renal
RNA showing AT1 receptor (352 bp) versus reduced glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (83 bp) expression. Y1 5 cDNA-
probes incubated with yeast RNA and RNase. Y2 5 cDNA-probes
incubated with yeast RNA and without RNase. (B) Quantitation of
AT1-receptor mRNA expression after autoradiographic signal analysis.
Data are normalized to GAPDH-mRNA expression (N 5 6). *P , 0.05.
Expression of renal AT1-receptor mRNA was higher in AT2 receptor
knockout mice than in wild-type mice.
The fractional excretion of sodium and water at the
basal RPP level averaged 2.1 6 0.3% and 1.4 6 0.2%
in wild-type mice and increased as RPP was maximally
elevated to levels of 19.3 6 1.2 and 16.5 6 1.9%, respec-
tively. In AT2 receptor knockout mice, FENa and FEH2O
excretion curves were shifted rightward. AT2 receptor
knockout and wild-type mice had similar hematocrits.
In wild-type mice, the hematocrit leveled between 37.2 6
1.3 and 36.0 6 1.2% and in AT2 receptor knockout be-
tween 36.5 6 1.5 and 33.1 6 1.3%.
AT1 receptor expression and histology
The expression of renal AT1 receptor mRNA was sig-
nificantly higher in AT2 receptor knockout mice than in
controls and leveled 41.1 6 5.2 and 17.2 6 1.2 arbitrary
units, respectively, as shown in Figure 5. Light micros-
Fig. 4. Relationship between renal perfusion pressure (RPP) and glo- copy of the kidneys was not different between AT2 recep-
merular filtration rate (GFR, A), fractional sodium excretion (FENa, B), tor knockout and wild-type mice. Kidneys of both groups
and fractional water excretion (FEH2O, C) in AT2 receptor knockout
showed normal renal morphology (data not shown).(d) and wild-type mice. *P , 0.05, values compared at equivalent RPP
levels. (Columns in A) GFRs of all pressure levels for wild-type (j)
or AT2 receptor knockout mice ( ) are summarized. GFR was not P450-dependent arachidonic acid and lauric acid
different between AT2 receptor knockout (N 5 8) and wild-type (N 5 metabolism and expression of the Cyp4a7) mice. Fractional sodium (Na) and water (H2O) excretion curves of
subfamily membersAT2 receptor knockout mice (N 5 8) were shifted toward the right
compared with wild-type mice (N 5 7).
As summarized in Table 1, microsomes isolated from
total kidneys of wild-type and AT2 receptor knockout
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Table 1. Effect of AT2 receptor disruption on the cytochrome P450-dependent hydroxylations of arachidonic acid (AA) and lauric acid
(LA) by mouse renal microsomes
Lauric acid
Arachidonic acid12-OH LA 11-OH LA Total
P450 content 20/(20-n)-OH AA
Microsomal source nmol/mg nmol/mg 3 min nmol/mg 3 min
Wild-type mice 0.301 60.029 0.86060.126 0.37160.054 1.19260.175 0.102 60.011
AT2 receptor knockout mice 0.32560.021 0.57260.048 0.26160.019 0.83360.061 #0.012
Data are means 6 sem. Arachidonic acid hydroxlase activities were barely detectable with microsomes from AT2 receptor knockout mice.
mice differed significantly in their abilities to convert 6, all three isoforms were detectable with this approach.
arachidonic acid. Under the experimental conditions ap- There were no systematic differences in the amounts of
plied, 20-hydroxy arachidonic acid [20-hydroxyeicosate- RT-PCR products formed using the poly(A)RNA frac-
traenoic acid (20-HETE)] was the main product found tion isolated from the kidneys of wild-type or AT2 knock-
after incubating wild-type microsomes with radiolabeled out mice as the template. Variations as visible with Cyp
arachidonic acid and NADPH. In addition, a minor prod- 4a14, in particular, did not correlate with the genotype
uct with an intensity of about 10% of the 20-HETE peak of the mice.
occurred at a position in HPLC that corresponded to
(v-n)-hydroxy arachidonic acid. However, when micro-
DISCUSSIONsomes prepared from the kidneys of AT2 receptor knock-
The important findings in this study were that disrup-out mice were used, P450-dependent conversion of arachi-
tion of the AT2 receptor gene in mice resulted in altereddonic acid was barely detectable. 20-HETE production
sodium and water handling, concomitant increases in thereached values that were on average tenfold lower than
expression of the AT1 receptor gene, and a decreasedthe corresponding activities of the wild-type microsomes.
capacity to generate 20-HETE. AT2 receptor-deficientSeveral experiments demonstrated that this strong re-
mice had a rightward shifted pressure diuresis and natri-duction of arachidonic acid hydroxylase activity was not
uresis curve, decreased total RBF at higher levels ofdue to a general damage or impairment of microsomal
RPP, decreased cortical blood flow, and an increasedP450 systems in AT2 receptor knockout mice. First, CO-
RVR compared with controls. GFR was not differentdifference spectra revealed that the microsomes isolated
between the groups, but curves of fractional sodium andfrom kidneys of wild-type and AT2 receptor knockout
water excretion were shifted toward the right in AT2mice exhibited an almost identical total P450 content of
receptor knockout mice. Furthermore, in AT2 receptorabout 0.3 nmol per mg of protein. The NADPH-P450
knockout mice, pressure-dependent medullary bloodreductase activities ranged between 30 and 40 nmol re-
flow increases were inhibited. Microsomes isolated fromduced cytochrome C per minute and mg of protein inde-
the kidneys of AT2 receptor knockout mice showed apendent of the microsome source. Second, microsomes
strongly reduced activity of P450 enzymes generating 20-from AT2 knockout mice showed nearly the same P450-
HETE, whereas the renal AT1 receptor expression wasdependent enzymatic activities as those from wild-type
increased. These effects were associated with an increasemice when lauric acid instead of arachidonic acid was
in systemic blood pressure in AT2 receptor knockoutused as the test substrate. In this assay, the main products
mice. Blood pressure values for AT2 receptor knockoutwere v- and (v-1)-hydroxy lauric acid. These products
mice were higher than in wild-type mice. The values weoccurred in a ratio of approximately 2:1, independent of
obtained were also somewhat higher than those directlythe microsome source. Third, 20-HETE formation by
measured previously by Ichiki et al [7]. However, thewild-type microsomes was found to be not affected upon
hypertension in these mice was much less severe thanadding microsomes from knockout mice to the same
in DOCA-salt-hypertensive mice [21, 22].incubation mixture (data not shown). Thus, it appears
Pressure diuresis and natriuresis curves in AT2 recep-unlikely that the microsomes of AT2 knockout mice con-
tor knockouts were shifted rightward in our model. Thistained factors that prevented the formation of 20-HETE
result is different from studies in rats with pharmacologicor led to its rapid further conversion.
blockade of the AT2 receptor, in which the pressure-To obtain insight into possible changes in the expres-
natriuresis relationship was shifted leftward [9, 26].sion of individual P450 genes, an RT-PCR approach was
Moreover, Liu et al recently examined the effects ofused. The primer pairs were designed in such a way that
AT2 receptors on the pressure natriuresis relationshipthey specifically allowed amplification of cDNA frag-
by using the new AT2 receptor peptide agonist, TA [27].ments corresponding to the transcripts of the P450 genes
Cyp 4a10, Cyp 4a12, and Cyp 4a14. As shown in Figure TA, or T2(Ang II 4-8)2, consists of two Ang II 4-8 penta-
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manipulation of AT2 receptors in rats. Pressure natriure-
sis experiments in rats were done under conditions with
controlled neuroneal and hormonal input to the kidney.
In our mice, these determinants of sodium excretion
were not controlled. In rat studies performed earlier, we
showed that pressure-natriuresis-diuresis relationships
differ under conditions with or without controlled neural
and hormonal influences to the kidney [20]. Moreover,
the specificity and selectivity of pharmacologic probes
are open to question; gene disruption models circumvent
such problems. The mice in this study were not pharma-
cologically treated, and all regulatory systems, extrinsic
and intrinsic to the kidney, were left undisturbed. Highly
relevant is the recent report by Siragy et al, who used
the same AT2 receptor knockout mice investigated here
[29]. They demonstrated that the AT2 receptor is impor-
tant to normal physiologic bradykinin and nitric oxide-
mediated responses. The absence of the AT2 receptor led
to vascular and renal hypersensitivity to Ang II, including
sustained antinatriuresis and hypertension. Their find-
ings extended their own earlier observations in rats that
the AT2 receptor mediates cGMP [30], as well as renal
production of nitric oxide [31]. Our findings are in accord
with and complementary to their results.
Siragy et al also recently demonstrated that in the
absence of the AT2 receptor, increased vasodilator
prostanoids protect against the development of hyper-
tension [10]. Their findings underscore the interrelation-
ship between Ang II-mediated mechanisms and eicosa-
noids in the intact kidney. They raised the possibility
that the AT2 receptor stimulates epoxide production
through the cytochrome P450 system, which may com-
pete with arachidonic acid for metabolism by cyclooxy-
genase. We observed that deleting the AT2 receptor led
to increased renal AT1 receptor expression and de-
creased activity of P450 enzymes, thereby generating 20-
HETE. Our observation that the AT1 receptor is up-
regulated in AT2 receptor knockout mice confirms recent
Fig. 6. Expression of cytochrome P450 mRNAs in the kidneys of wild- results of Tanaka et al [32], who observed that vasculartype and AT2 receptor knockout mice analyzed by means of RT-PCR
response to Ang II is exaggerated through an upregula-(discussed in the Methods section). The RT-PCR products obtained
starting from the poly(A)RNAs of four different wild-type mice were tion of AT1 receptors in AT2 receptor knockout mice.
loaded on lanes 1 through 4 and those of four different AT2 receptor Altered renal sodium handling in AT2 receptor knockoutknockout mice on lanes 5 through 8. Note that systemic differences
mice could be the result of AT1 receptor upregulation.were not detectable between AT2 receptor knockout and wild-type mice.
It is unclear whether the AT2 receptor knockout pheno-
type is related to the absence of this receptor at the time
of the experiment or to the absence of the receptor
peptide fragments attached to a carrier molecule [28]. during development. The latter view is supported by the
By means of their pharmacologic probes, Liu et al ob- fact that the AT2 receptor is predominantly expressed
served that AT2 receptors oppose the sodium and water during fetal life [1, 3], although a role for the receptor
excretion induced by acute increases in blood pressure has been documented in adulthood, at least under certain
[27]. They also were not able to explain their results on conditions [4–6]. The knockout model has limitations as
the basis of changes in cGMP. well as advantages. Disrupting the AT2 receptor gene
We can only speculate about the reasons for differ- does not necessarily clarify the role of the AT2 receptor
ences in the pressure natriuresis relationship observed directly, but instead shows the role of the AT2 receptor in
the context of other regulatory systems. These regulatoryin our study or those observed following pharmacologic
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systems, in our case AT1 receptor expression and P450 also been described for bradykinin-B2 receptor knockout
mice and their controls [39]. At higher levels of RPP,enzyme activity, are probably adjusted to accommodate
the absence of the AT2 receptor. RBF of AT2 receptor knockout mice was lower than
RBF of wild-type mice. These data underscore the viewOur studies with renal microsomes revealed that cyto-
chrome P450-dependent arachidonic acid hydroxylation that the renin-angiotensin system modifies baseline RBF
and RVR but is not primarily responsible for autoregula-to 20-HETE was strongly reduced in AT2 receptor
knockout mice. This reduction was not due to a general tion [40]. The same can be concluded for the role of
eicosanoid metabolism in these mice. Autoregulationimpairment of microsomal P450 systems, as shown by a
number of control experiments. Specifically, a related was well maintained across a wide range of perfusion
pressures despite decreased 20-HETE in the kidneys ofenzymatic activity, the hydroxylation of lauric acid, re-
mained largely unaffected by the receptor knockout. AT2 receptor knockout mice. In contrast, 20-HETE has
been implicated in controlling autoregulation in rats [41].Analogous to the more extensively studied rat P450
forms involved in arachidonic acid hydroxylation [12, 33, We have consistently observed impaired medullary
blood flow responses to increased perfusion pressure in34], members of the P450 subfamily 4A are the most
probable candidates for 20-HETE production in mice. hypertensive mice. In an earlier study of DOCA salt-hyper-
tensive mice, medullary blood flow also failed to respondCurrently, the sequences of three such genes are known
in mice, namely Cyp 4a10, Cyp 4a12, and Cyp 4a14 [35]. to increased perfusion pressure, despite well-maintained
whole kidney RBF autoregulation. This defect was ame-However, direct experimental evidence showing that one
or all of these P450 forms is actually an arachidonic acid liorated with lovastatin treatment by mechanisms that
are not yet defined, although both nitric oxide- and eico-hydroxylase are lacking. The expression of these Cyp 4a
genes was clearly detectable in the kidneys of both wild- sanoid-related mechanisms are possible [22, 42]. Capto-
pril infusion into the renal medullary interstitium in-type and AT2 receptor knockout mice. Although no fur-
ther attempts were made to quantitate the respective creased renal medullary perfusion and lowered arterial
pressure in spontaneously hypertensive rats [43]. Fur-mRNA levels, the results of our RT-PCR analysis indi-
cate that there were no systematic differences comparing thermore, a chronic L-NAME infusion led to decreased
renal medullary blood flow, sodium and water retention,wild-type and AT2 receptor knockout mice. Thus, it re-
mains for future studies to discern whether other P450 and the development of hypertension in rats [44]. Our
current findings and these earlier experiments [42–45] un-forms responsible for 20-HETE formation exist in mice
and to test their expression in the AT2 receptor knockout. derscore the importance of medullary perfusion for pres-
sure natriuresis and systemic blood pressure regulation.We cannot exclude the possibility that one of the already
known P450 forms is involved and becomes inactivated In addition to the hemodynamic changes we described,
a disturbed tubular sodium and water reabsorption mayat the protein level in the absence of the AT2 receptor.
The low microsomal arachidonic acid hydroxylase activi- also have influenced sodium and water excretion and
thereby blood pressure levels in AT2 receptor knockoutties suggest that the capacity to produce 20-HETE in
response to Ang II or other stimuli is strongly reduced mice. AT2 receptor knockout mice showed an elevated
tubular reabsorption of sodium and water for a givenin the kidneys of AT2 receptor knockout mice. According
to the numerous functions attributed to 20-HETE [15, 36], level of RPP compared with wild-type mice as seen by
the rightward shift of FENa and FEH2O water excretionthis finding may have considerable physiologic conse-
quences for the regulation of vascular tone and renal curves as RPP was increased. The AT1 receptor, which
was overexpressed in AT2 receptor knockout mice, isfunction. 20-HETE may act as an endogenous inhibitor
of the Na1-K1-2 Cl2 cotransport [37, 38]. An increase also responsible for Ang II-induced sodium and water
reabsorption in the renal tubules [46]. Blockade of thein loop Na1 and Cl2 reabsorption may have contributed
to the rightward shift in pressure natriuresis and diuresis AT1 receptor shifts pressure diuresis and natriuresis
curves as well as curves of fractional sodium and watercurves. A similar mechanism has been proposed to ex-
plain salt-sensitive hypertension in Dahl rats, in which excretion toward normal in hypertensive rats [19]. Intra-
renal infusion of Ang II induces sodium and water reten-a reduced formation of 20-HETE in the kidney was also
found [34]. Finally, AT1 receptors mediate sodium reten- tion by a marked increase in proximal tubular fractional
sodium and water reabsorption without changing GFRtion in the kidney and blockade of the AT1 receptor shifts
pressure natriuresis curves leftward [19]. The increased [47, 48]. Finally, we point out that our physiologic pres-
sure natriuresis diuresis model is not without limitations.expression of AT1 receptors in kidneys of AT2 receptor
knockout mice could also have contributed to the The mice are necessarily deeply anesthetized. The organs
are manipulated. Blood pressure is necessarily variedrightward shift in renal function curves and to higher
blood pressures in these mice. across a wide range, and the mesenteric artery is ligated.
For instance, we cannot exclude effects related to releaseRenal blood flow was very well regulated in both
strains of rats and was in the RBF range, which has of vasoactive substances from the intestine under these
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lase, on renal function in rats. J Pharmacol Exp Ther 268:478–481,circumstances. We relied on an established model devel-
1994
oped in the rat [49]. 12. Ma YH, Schwartzman ML, Roman RJ: Altered renal P450 metab-
olism of arachidonic acid in Dahl salt-sensitive rats. Am J PhysiolIn summary, we found that mice with a disrupted AT2
267:R579–R589, 1994receptor gene had altered renal function. Their pressure
13. Stec DE, Mattson DL, Roman RJ: Inhibition of renal outer med-
natriuresis and diuresis relationships and curves for FENa ullary 20-HETE production produces hypertension in Lewis rats.
Hypertension 29:315–319, 1997and FEH2O were shifted rightward. Whole renal and
14. Omata K, Abraham NG, Schwartzman ML: Renal cytochromecortical blood flows were reduced, and the expected in-
P-450-arachidonic acid metabolism: Localization and hormonal
crease in medullary blood flow with increasing RPP was regulation in SHR. Am J Physiol 262:F591–F592, 1992
15. Caroll MA, Balazy M, Mariotta P, Huang DD, Falck JR,impaired. GFR was not different between the groups.
McGiff JC: Cytochrome P450-dependent HETEs: Profile of bio-The capacity to produce 20-HETE in the kidneys of
logical activity and stimulation by vasoactive peptides. Am J Phys-
these mice was reduced, whereas the expression of the iol 271:R863–R869, 1996
16. Arima S, Endo Y, Yaoita H, Omata K, Ogawa S, Tsunoda K,AT1 receptor in the kidney was increased. These findings
Abe M, Takeuchi K, Abe K, Ito S: Possible role of P450 metaboliteimplicate indirect or direct AT2 receptor-related renal of arachidonic acid in vasodilator mechanism of angiotensin II
tubular and vascular mechanisms in the hypertension of type 2 receptor in the isolated microperfused rabbit afferent arteri-
ole. J Clin Invest 100:2816–2823, 1997AT2 receptor knockout mice.
17. Mattson DL, Bellehumeur TG: Neural nitric oxide synthase in
the renal medulla and blood pressure regulation. Hypertension
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